Altered metabolism is a hallmark of cancers, including shifting oxidative phosphorylation to glycolysis and up-regulating glutaminolysis to divert carbon sources into biosynthetic pathways that promote proliferation and survival. Therefore, metabolic inhibitors represent promising anti-cancer drugs. However, T cells must rapidly divide and survive in harsh microenvironments to mediate anti-cancer effects. Metabolic profiles of cancer cells and activated T lymphocytes are similar, raising the risk of metabolic inhibitors impairing the immune system. Immune checkpoint blockade provides an example of how metabolism can be differentially impacted to impair cancer cells but support T cells. Implications for research with metabolic inhibitors are discussed.
Introduction
Cancer cells are characteristically different from their healthy counterparts, with one hallmark being altered metabolic programming. 1 Factors such as hypoxia, oncogenic mutations, and altered signalling induce up-regulation of anabolic processes and suppression of catabolic pathways in cancer cells. 2 However, cancer cells are not the only proliferating cells in a tumour. Tumour-infiltrating lymphocytes (TILs) are equally dependent on metabolic reprogramming to divert metabolites into biosynthetic pathways to promote survival and proliferation, and ultimately to mount a response against the tumour. 3 The metabolic interplay between both cell types can contribute to the functional exhaustion of TILs. 4 However, TILs remain a positive prognostic factor, suggesting that lymphocytes can reduce tumour growth even while functioning suboptimally. 5, 6 Early successes of immunotherapies for treating aggressive malignancies such as metastatic melanomas, demonstrate that tumoricidal effects of TILs can be improved by reducing immunosuppressive effects of cancer cells. 7 Importantly, the action of immunotherapies and metabolic targeting agents is not restricted to immunological and cancer cells, respectively; the hallmarks of metabolic alteration and immune evasion are probably more interdependent than previously anticipated. Therefore, novel therapies designed to disrupt the metabolic phenotype of cancer cells can potentially impair tumour-specific immune responses that are a critical mechanism underlying conventional therapies and immunotherapies.
Cancer cell metabolism
Since the 1920s, when Otto Warburg demonstrated altered patterns of glucose breakdown in oxygenated regions of tumour tissues, the cellular metabolism of cancers has been the focus of extensive research. 8 Further findings by Warburg et al. demonstrated increased glucose uptake and utilization compared with healthy cells Abbreviations: 2DG, 2-deoxyglucose; AMPK, AMP-activated protein kinase; CSCs, cancer stem-like cells; CTLA-4, cytotoxic T lymphocyte-associated antigen-4; CTLs, CD8 + cytotoxic T lymphocytes; HIF, hypoxia-inducible factor; IFN-c, interferon-c; IL, interleukin; LDH, lactate dehydrogenase; mTOR, mammalian target of rapamyacin; PD-1, programmed death protein-1; PD-L1, programmed death protein ligand 1; PI3K, phosphoinositide 3-kinase; TCA, tricarboxylic acid; TCR, T-cell receptor; Th, CD4 + T helper; TILs, tumour-infiltrating lymphocytes; Treg cells, regulatory T cells
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and this knowledge led to advancements ranging from diagnostic imaging to metabolically targeted therapeutic agents. [9] [10] [11] A host of metabolic adaptations allow cancer cells to support survival through rapid ATP generation and increased biosynthesis. Carbohydrate, amino acid, lipid and nucleic acid metabolism of cancer cells differs from that of quiescent cells. 2 An extensively described phenomenon is the process by which cancer cells convert pyruvate to lactate in the presence of adequate oxygen, termed aerobic glycolysis or 'The Warburg Effect'. 9 This represents a shift from oxidative phosphorylation to glycolysis as the primary ATP-producing pathway. Although initially thought to be a strategy to cope with hypoxia, it is now widely accepted that this shift to glycolytic metabolism serves primarily to divert carbon sources into biosynthetic pathways, producing nucleic acids, lipids and proteins for rapid cell division. 3 Glutaminolysis, the process by which glutamine is imported into cells and converted to a-ketoglutarate for entry into the tricarboxylic acid (TCA) cycle, is similarly up-regulated in cancers. Aerobic glycolysis and glutaminolysis represent only two important metabolic changes that allow neoplastic growth. 12 Cancer cells can use a variety of alternative energy-producing pathways depending on nutrient availability, making it difficult to target cancers by deprivation of any one substrate or pathway. 13 
Tumour immunity
Cancers pose unique challenges to the immune system because they are derived from self and are, therefore, difficult to identify as a threat.
14 Nevertheless, a small proportion of proteins are differentially expressed by cancer cells and the immune system can exploit these subtle differences to elicit tumour-specific responses. 15 However, differentiating healthy cells from neoplastic cells represents only one of many challenges posed to the immune system by cancers. Recruitment of immunoregulatory cells, down-regulation of antigen presentation, and upregulation of inhibitory molecules represent other immunoevasive strategies of cancers.
14 Tumour microenvironments are very hostile for T cells because of low oxygen tension, reduced pH, competition for nutrients and waste accumulation. 4, 5, 16 The milieu of waste products is of particular concern because kynurenine, a by-product of tryptophan catabolism, and lactic acid can suppress effector cells, while extracellular ATP can be metabolized by immunoregulatory subsets, with the net effect causing potent immunosuppression. [17] [18] [19] [20] Additionally, cancer cells directly interact with TILs and modulate their activity by interfering with bioenergetic pathways, which limits their differentiation into effectors, consequently impairing their function. [21] [22] [23] T lymphocytes have the unique ability to specifically target, destroy and establish memory for cancer cells through the antigen-specific T-cell receptor (TCR). Hence, T cells are imperative for selective destruction of cancer cells expressing endogenous antigens and establishment of long-term anti-cancer responses. 24 Activation of naive T cells requires metabolic reprogramming and clonal expansion. The resulting effector T cells exhibit highly tailored bioenergetic requirements, suggesting that these lymphocytes may be the most affected by tumour-induced metabolic challenges. 22 
Metabolic activation of T cells
Naive T cells have a metabolic phenotype similar to other quiescent cells of the body. They use fatty acid oxidation and low levels of glutaminolysis. 24 Upon antigen stimulation, T cells increase nutrient uptake to fuel activation, proliferation and cytokine production. Similar to cancer cells, the increased uptake of substrates such as glucose, fuels biosynthetic pathways, whereas glutamine metabolism provides a carbon source for the TCA cycle. 25 Activation and differentiation into effector CD8 + cytotoxic T lymphocytes (CTLs) requires a switch to glycolytic metabolism. 26 The metabolic phenotype of CTLs is remarkably similar to cancer cells (Fig. 1) , and serves the same purpose: to support macromolecule synthesis, rapid proliferation and heightened ATP demand. 27 During antigen clearance, memory CD8 + cells are established, which requires another metabolic shift to fatty acid oxidation that supports long-term survival. 25 Similar to CTLs, CD4 + T cells up-regulate glycolysis during activation. 25 They then differentiate into a variety of effector subsets, depending on the cytokine profile in the microenvironment. Cytokine milieus in tumours are heavily influenced by type 2 macrophages, myeloidderived suppressor cells and regulatory T (Treg) cells, as well as cancer cells and cancer-associated fibroblasts. 28, 29 
CD4
+ T-cell subsets can promote or suppress tumour growth, depending on their phenotype. 29, 30 A more informative prognostic factor in cancer patients than total TILs is the ratio of CTLs : Treg cells, demonstrating the importance of T-cell differentiation and effector subtypes. 6 In general, CD4 + T helper type 1 (Th1) cells are associated with anti-tumour responses through their ability to support activation of CTLs. CD4 + Th2 cells, and Treg cells are associated with tumour-promoting immunosuppressive mechanisms. 14 
Each type of CD4
+ T cell exhibits a characteristic metabolic phenotype, suggesting that metabolism is tightly linked to function. 22, 31 All differentiated T-cell populations have increased glycolytic rates compared with naive T cells, with Th2 cells having the most glycolysis and expression of GLUT1, the primary glucose transporter. Th1 cells are highly dependent on glutamine catabolism during differentiation; deprivation of this amino acid drives their fate towards Treg cells, even when cultured in Th1-polarizing conditions. 32 Treg cells have low glycolytic rates but high rates of lipid oxidation. 22 Despite the reliance of T cells on glycolysis to meet energy demands, mitochondrial function is still important to T-cell metabolism and loss of mitochondrial mass is a characteristic of functionally exhausted T cells. 33 The fine line between tumour-promoting and tumour-inhibiting T-cell subsets depends heavily on extracellular signals and metabolic adaptations. Because of the tight link between metabolism and function, disruptions to lymphocytic cellular energetics within tumours are a major source of immunosuppression. 34 
Glycolytic switch in cancer cells: proliferation
Underlying the glycolytic switch of cancer cells are oncogenic mutations that allow growth factor-independent nutrient uptake and metabolic reprogramming towards anabolic pathways. 2 Microenvironmental cues within tumours such as hypoxia, extracellular acidification and nutrient conditions further contribute to the abnormal metabolic phenotype. 35 The shift to glycolysis in cancer cells is mediated by up-regulation of phosphoinositide 3-kinase (PI3K)-Akt signalling, which activates the mammalian target of rapamyacin (mTOR) complex and downstream hypoxia-inducible factor (HIF)-regulated cellular reprogramming.
2 HIF transcription factors exist transiently in cells under normoxic conditions and are targeted for degradation by the von Hippel-Lindau protein. 36 During hypoxia, HIFs are stabilized and mediate transcription of genes promoting cellular survival. HIFs are over-expressed in cancer cells due to hypoxia and PI3K-Akt signalling, which is commonly up-regulated due to mutations in tyrosine kinases or loss of function of the master regulator protein p53, and are responsible for regulating proliferation and glucose metabolism. 3 The consequence of signalling through this pathway is increased glucose transporter expression, and mTOR activation, regulating nutrient availability and promoting biosynthetic pathways. HIF1-activated genes also promote the glycolytic phenotype by up-regulating glycolytic enzymes and expression of pyruvate dehydrogenase kinase isozyme-1, which prevents pyruvate entry into the TCA cycle. Glycolytic intermediates accumulate due to MYCmediated expression of the fetal isozyme of pyruvate kinase, PKM2, which has lower catalytic activity, so allowing diversion into biosynthetic pathways such as the pentose phosphate pathway. 8 During aerobic glycolysis, lactate dehydrogenase (LDH) catalyses the conversion of pyruvate to lactate. Melanoma cells are particularly glycolytic, and rely heavily on LDH-mediated lactate generation. 13 HIF-mediated upregulation of H + /lactate transporters such as monocarboxylate transporters are essential to prevent intracellular acidification, which causes growth arrest in cancer cells. 35 Lactate extrusion may not merely be a mechanism of waste clearance, but maintains glycolytic rate and promotes tumour progression and metastasis. 13 The resulting acidic extracellular microenvironment promotes epithelial-to-mesenchymal transition in cancer cells, contributes to drug resistance, and impairs immunological cell signalling. 37 The dependence of cancer cells on fermentation and extrusion of lactate suggests an additional reason for aerobic glycolysis: rapid, albeit inefficient, ATP generation supports demand for membrane transporter activity to regulate nutrient flux and pH homeostasis. 38 Despite the majority of cancer cells relying on aerobic glycolysis, their metabolic phenotypes are heterogeneous. Cancer stem-like cells (CSCs) have become a focus of research because of their ability to self-renew, repopulate tumours and mediate resistance to conventional therapies. 39 A unique feature of CSCs that makes them resistant to common therapeutic interventions is probably their metabolic distinction from bulk tumour cells. However, whether or not CSCs rely primarily on oxidative phosphorylation or glycolysis is unclear and appears to vary by tumour type. 40 Regardless, CSCs share a common metabolic feature: reliance on mitochondrial function. Consequently, pharmaceutical agents that inhibit mitochondrial biogenesis have become attractive options for targeting CSC metabolism and combating drug resistance in melanomas. 41 
Glycolytic switch in T cells: activation
T cells reprogramme to gain the same survival and growth advantages as cancers. The metabolic phenotypes are so similar that lymphocytes have been recommended as models to understand the molecular mechanisms of carcinogenesis. 27 The mediators of metabolic reprogramming in T cells include PI3K-Akt signalling, mTOR, AMP-activated protein kinase (AMPK) and HIF1-a transcriptional programming. 24 Naive CD8 + T cells maintain basal levels of glucose uptake due to signalling through the interleukin-7 (IL-7) receptor. 25 During activation, antigen recognition at the TCR promotes glutamine uptake through the extracellular signal-regulated kinase/mitogen-activated protein kinase pathway. Co-stimulation through CD28 promotes enhanced glucose uptake through the PI3K-Akt pathway. 42 There are many similarities in the pathways used to activate T cells and those used by glycolytic cancer cells, illustrating the ubiquity of these metabolic mediators in rapidly proliferating cells (Fig. 1) . For example, mTOR activity is essential for the increased metabolic rate and effector phenotype of CTLs. 43 Downstream of mTOR, HIF1-a stabilization up-regulates the expression of glycolytic genes, including GLUT1, which is required by CD4 + T cells for activation, expansion and survival. 22, 44 Aerobic glycolysis promotes differentiation of CD4 + cells into a Th1 phenotype through an epigenetic mechanism mediated by LDH-A, which raises concentrations of acetyl-coenzyme A that promotes histone acetylation and, ultimately, transcription of interferon-c (IFN-c). 45 Compared with naive CD4 + T cells, those with an effector memory phenotype have greater spare respiratory capacity that can be accessed immediately upon exposure to hypoxia to sustain bioenergetic requirements, allowing glycolysis to be diverted to maintaining mitochondrial membrane potential. 46 This allows CD4 + memory cells to maintain effector functions, at least transiently, in tumours.
Treg cells and memory CD8 + cells rely on the suppression of mTOR to adopt an oxidative phenotype. Reliance of Treg cells on fatty acid oxidation is believed to be partially due to suppression of mTOR by AMPK. 22, 32 The importance of this metabolic shift is demonstrated in mice with a deletion of tuberous sclerosis complex-2, the negative regulator of mTOR, which are unable to form memory T cells. 43 Upon re-stimulation with antigens and co-stimulation via CD28, memory T cells reprogramme to a glycolytic phenotype quicker than after initial exposure to antigens. 47 This metabolic priming of memory T cells is likely imprinted at the epigenetic level.
47-49

Tumour acidity
Tumours secreting large amounts of lactate have greater metastatic potential and confer worse prognoses for patients. 31 This effect may be due to impaired antitumour immunity and altered cancer cell metabolism. Extracellular lactate reduces T-cell proliferation and function while promoting a shift to oxidative phosphorylation in cancer cells. 50, 51 Under acidic conditions cytokine production by activated T cells is abolished due to inhibition of glycolysis. 52 Tumour-derived lactate also contributes to T-cell polarization toward a Treg phenotype. 31 The acidic microenvironment of tumours has consequently become a target for intervention with lactate dehydrogenase-A and monocarboxylate transporter inhibitors or oral bicarbonate supplementation. In a melanoma model, oral bicarbonate reduced tumour growth when administered with a programmed cell death protein-1 (PD-1) -specific antibody, and improved survival when combined with adoptive T-cell transfer. 52 These results suggest that extracellular pH in tumours is a mechanism whereby cancer cell metabolism can mediate lymphocyte dysfunction.
Nutrient restriction
Altered nutrient availability in tumours affects metabolic reprogramming of T cells, resulting in impaired effector functions and differentiation towards suppressive phenotypes. TILs are exposed to low extracellular glucose and glutamine due to high nutrient uptake by cancer cells. Intratumoural glucose is approximately ten times lower than in blood or spleen. 26 The mere presence of cancer cells in co-culture reduces glucose uptake by Th1 cells. 26 TCRstimulated cells fail to proliferate in the absence of glucose, and have impaired effector functions. 26, 48 Reductions in extracellular glucose do not impair ATP generation, suggesting that these cells are able to use alternative energygenerating pathways such as glutaminolysis. 53 In response to inadequate extracellular glucose, AMPK is activated in T cells and promotes glutamine metabolism to maintain cellular energetics and survival. 21 However, the tumoricidal potential of T cells is remarkably reduced under low glucose conditions. 21 One mechanism is mediated by the glucose metabolite phosphoenolpyruvate, which maintains cytosolic Ca 2+ concentrations by inhibiting endoplasmic reticulum Ca 2+ channels. 26 Cytosolic Ca 2+ concentration serves as a metabolic threshold, allowing activation of the family of transcription factors collectively named nuclear factor of activated T cells. Consequently, glucose deprivation results in a dose-dependent decrease in IFN-c, mediated at the translational level by decreased mTOR activity. 21 Specifically, translation of IFN-c from mRNA can be blocked by glyceraldehyde 3-phosphate dehydrogenase when it is not engaged in glycolysis, highlighting the importance of glucose metabolism for maintenance of Tcell function. 54 Interferon-c is essential for CTL-mediated cell-cycle arrest and growth inhibition of murine B16 melanomas. 55 Furthermore, glucose deprivation increases secretion of transforming growth factor-b by Th cells, confirming a switch from an immunostimulatory to immunosuppressive microenvironment. 26 Although nutrient restriction is not metabolically favourable for CTLs, T cells that rely on fatty acid oxidation thrive. TCR-stimulated T cells in glutaminepoor and glucose-poor conditions preferentially differentiate into Treg cells, probably because their oxidative phenotype is metabolically suited to survive in this environment. 31 a-Ketoglutarate, the breakdown product of glutaminolysis is required for incorporation into the TCA cycle to fuel proliferation, and is necessary for expression of Tbet, a transcription factor required for Th1 differentiation. 32 Under low glucose and glutamine conditions, differentiation of Treg cells and their proliferation predominate over Th1 cells, even in the presence of Th1-polarizing cytokines. 32 Specifically, the defining transcription factor of Treg cells, known as Foxp3, has been shown to reduce the expression of Myc, leading to reduced glycolysis and increased oxidative phosphorylation. 56 This suggests that an environment with adequate nutrients is optimal for the differentiation of effector T cells.
Inhibitory checkpoints
Immunological checkpoints suppress immune responses following antigen clearance to avoid pathological autoimmunity. Cancer cells aberrantly express ligands for receptors on lymphocytes, and their interaction impairs T-cell effector functions by inhibiting signalling downstream of the TCR. 57 Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) is expressed on T cells following activation, where it negatively regulates effector functions to maintain immunological homeostasis.
14,57 CTLA-4 competes for the same ligands as CD28, the co-stimulatory receptor, creating a negative feedback loop that ensures CTL activity is controlled and temporary.
14 Ligation of CTLA-4 inhibits glycolysis, preventing activation and differentiation of naive CTLs. 50 PD-1 is a T-cell coinhibitory receptor that interacts with its ligands PD-L1 and PD-L2. PD-L1 is normally expressed by self-tissues to regulate peripheral tolerance, and is often expressed by cancer cells to impair T cells. 57 The expression of both PD-1 and PD-L1 are highly dependent on microenvironmental conditions. Extracellular adenosine, a by-product of altered tumour metabolism, induces expression of both CTLA-4 and PD-1 on T cells. 16 Furthermore, tissue hypoxia and the presence of immunoregulatory cells impose metabolic stresses on T cells, resulting in increased expression of PD-1.
5,58
Immune checkpoint blockade differentially affects metabolism of cancer and T cells
Antibodies that block ligation of CTLA-4 or PD-1 have remarkable clinical effectiveness in melanomas, where they reverse immunosuppression and promote T-cellmediated cytotoxicity. 57, 59 Although tumours with a higher mutational load seem to be more responsive to anti-PD-1 therapy, there remains a subset of melanoma patients who are non-responsive despite similar mutational load, suggesting that PD-1 blockade relies on more than just antigenicity of tumours. 60 Recent evidence suggests that checkpoint inhibition may directly modify metabolism of T cells and cancer cells. 7 Three checkpoint inhibitors are approved for the treatment of malignant melanomas in humans: Ipilimumab, a CTLA-4-specific monoclonal antibody, and pembrolizumab and nivolumab, which are PD-1-specific monoclonal antibodies. 57, 61, 62 Programmed death protein ligand 1 is expressed on cancer cells and tumour-associated macrophages. 63 Expression on melanoma cells can be constitutive or induced by IFN-c secreted by TILs, and the degree of PD-L1 expression in melanomas correlates with tumour growth.
4,64 Ligation of PD-1 alters the metabolic phenotype of activated T cells, impairing mechanisms of energy generation and macromolecule synthesis needed for effector functions. 65 By inhibiting glycolysis, and up-regulating fatty acid oxidation through increased expression of carnitine palmitoyltransferase-I, ligation of PD-1 reduces cytokine secretion by activated CTLs. 5, 65 Signalling through PD-L1 also has direct metabolic effects on cancer cells. In response to PD-L1 blockade, glucose uptake and lactate extrusion are decreased, suggesting that pathological expression of PD-L1 by cancer cells not only impairs T-cell metabolism, but benefits cancer cell metabolism. 7 PD-1 blockade inhibits melanoma xenograft growth in immunocompromised mice, an effect attributed to suppression of downstream mTOR signalling. 66 Therefore, anti-PD1/PD-L1 therapy appears to be able to restore the metabolic balance in favour of T cells, providing an example of how to differentially impact cancer and T cells with shared metabolic requirements (Fig. 2) .
Metabolic targeting agents
Therapies aimed at restoring normal cellular energetics attempt to exploit the dependence of cancer cells on glucose and glutamine. 13, 67 However, metabolic disruptors can potentially impair T cells that may be critical for therapeutic success due to metabolic similarities with cancer cells (Fig. 1) . Energy disruptors aim to reduce glycolysis and disturb mitochondrial biogenesis to leverage the metabolic differences between cancer cells and quiescent host cells. Drugs proposed for treating cancers include 2-deoxyglucose (2DG), a glycolysis inhibitor, metformin, a mitochondrial respiratory complex inhibitor and a host . Ligation of programmed death ligand-1 (PD-L1) on cancer cells promotes glucose uptake and production of lactate, which promotes survival. In contrast, ligation of programmed death receptor-1 (PD-1) on T cells inhibits glycolysis and up-regulates fatty acid oxidation leading to impaired energy generation and macromolecule synthesis, which compromises proliferation and effector functions such as cytokine production. Therefore, inhibition of the PD-1/PD-L1 immune checkpoint would preferentially inhibit cancer cells, while promoting T-cell functions. T cells have an additional inhibitory receptor, cytotoxic T lymphocyte-associated protein 4 (CTLA-4), which competes with CD28 for binding to the ligands CD80 and CD86 on mature antigen-presenting cells, resulting in a reduction in PI3K/Akt signalling. This causes decreased expression of GLUT1, increased mitochondrial oxidation and fatty acid uptake, and decreased biosynthesis. This is why there is also interest in blocking CTLA4 on tumour-infiltrating T cells. of mitochondrial biogenesis inhibitors developed to selectively target CSCs. [68] [69] [70] Since there is potential for these agents to interfere with T-cell metabolism, the long-term effects of their use as therapeutic agents should be evaluated in immunocompetent animal models, with special consideration given to combinations with immunotherapies.
2-Deoxyglucose is structurally similar to glucose but inhibits hexokinase activity, shutting down glycolysis. 71, 72 This leads to metabolic disruptions in cancer cells, including depletion of ATP, impairment of biosynthetic pathways, and reactive oxygen species-mediated growth arrest. Notably, 2DG could be safely administered to human patients with gliomas that received radiotherapy in a phase I/II clinical trial. 73 A well-tolerated dose of 2DG was also found in a phase I trial that enrolled patients with castration-resistant prostate cancers and other advanced malignancies. 74 However, relatively low serum concentrations of 2DG were achieved; levels that cancer cells could resist by induction of autophagy in pre-clinical studies. 75 Disconcertingly, 2DG not only affects cancer cells but similarly impairs the metabolism of human T cells, and results in a greater reduction of cytokine production than glucose deprivation alone. 76 Due to a heavy reliance of many cancer cells on lactate generation to support their growth, the inhibition of LDH shows promise as a therapeutic intervention. Indeed, the growth of melanomas can be arrested by oxamate and dichloroacetate-mediated inhibition of LDH. 13 Cancer stem-like cells can be particularly reliant on LDH, as demonstrated in the context of non-small cell lung cancer. 77 Also, blocking lactate extrusion in colorectal cancer cells impairs the glycolytic phenotype and increases the cytotoxicity of 5-Fluorouracil treatment. 78 Importantly, LDH inhibition can also rescue proliferating T cells from the immunosuppressive effects of L-lactate, making this an ideal target to differentially impact cancer cells and the immune system. 17 Metformin is commonly used to treat type II diabetes due to its effect of reducing hepatic glucose production. A link between metformin use and reduced risk of cancer in individuals with type II diabetes was established from retrospective epidemiological studies. 79 The protective effect of metformin has been confirmed in randomized control trials examining the incidence of various cancers including lung and prostate cancers in people with diabetes taking metformin. 80 Metformin has been proposed as a treatment for melanomas due to the limitations of current therapies. 79 Beneficial effects of metformin have been observed in melanoma cells in vitro, but in animal models the results have been inconclusive, perhaps due to differences in dosing. 81, 82 The two main targets of metformin are the mitochondrial respiratory complex I and AMPK. Both are essential mediators of cancer cell and Tcell metabolism, suggesting that metformin may be a potent regulator of anti-cancer immunity as well as a metabolic disruptor of cancer cells.
Inhibition of complex I
Metformin targets complex I of the mitochondrial respiratory chain, effectively depleting cellular ATP levels. 83 Although most cancers are not reliant on this oxidative phosphorylation, and simply up-regulate glycolysis and glutaminolysis to generate ATP, certain cancer cells such as CSCs, are unable to compensate. 71, 72 For this reason metformin is thought to preferentially target CSCs. Inhibition of complex I also has implications on anti-tumour immunity. Experimental small interfering RNA-mediated knockdown of complex I results in reduced IL-2 and IL-4 secretion by activated T cells. 84 As IL-4 is associated with differentiation of CD4 + T cells into Th2 cells, blocking IL-4 through complex I inhibition may represent a preferential and beneficial effect against tumour-promoting T-cell subsets. However, complex I blockade also has protumorigenic effects, leading to elevated lactate production and vascular endothelial growth factor expression in cancer cells, causing increased tumour growth in mice. 13 Due to potentially offsetting effects of its down-regulation, the role of complex I in lymphocyte and cancer cell metabolism requires greater understanding before being targeted for therapeutic intervention.
Activation of AMPK
Metformin also activates AMPK, which is a protein complex at the interface of metabolism and cellular function, regulating intracellular energy status by suppressing anabolic pathways and promoting catabolic pathways in times of cellular stress. 85, 86 Because of its pleiotropic effects, AMPK can regulate tumour-suppressing and tumour-promoting processes, in a manner that is poorly understood. 85 AMPK's ability to counteract the Warburg effect by down-regulating glycolytic gene expression suggests that metformin's AMPK-activating effects may have anti-proliferative effects in cancer cells. 87 This has been supported by models of prostate, colon, lung and breast cancers. 79 However, AMPK activation may be protumorigenic by mediating adaptation to metabolic stresses, contributing to increased survival of cancer cells. [88] [89] [90] Similarly, metformin's AMPK-activating ability may have pleiotropic and conflicting effects on T cells. Metformin can protect CTLs from apoptosis and promote effector functions, causing regression of murine B16 melanomas. 91 However, AMPK is active during metabolic reprogramming of effector T cells to memory cells and during differentiation to Treg cells by promoting the oxidative phenotype of these cells. AMPK activation suppresses glycolysis and promotes more efficient means of generating energy such as lipid oxidation, which is required by Treg cells and memory T cells, but suppresses effector T cells. 22 This suggests that AMPK activation by metformin may alter the composition of TILs, favouring those with less cytotoxic functions. Indeed, metformin treatment improved memory T-cell responses in mice, as demonstrated by improved secondary responses to leukaemia cells. 91 Also, metformin pushes the Treg/Th17 balance toward immunosuppressive Treg cells in autoimmune diseases. 92, 93 AICAR, a direct AMPK activator, similarly promotes expansion of Treg cells and reduces Th17 cells by promoting fatty acid oxidation. 94 The implications of metformin treatment on anti-tumour immunity have yet to be conclusively resolved.
Future directions
The plethora of mechanisms that cancers use to escape treatments argues in favour of implementing combination therapies. Indeed, simultaneous use of multiple metabolic inhibitors, such as metformin with 2DG, has been proposed. 95 However, these kinds of studies need to account for the potential to compromise tumour-specific immunity. From this perspective, combining metabolic disruptors with immune checkpoint blockade may be particularly appealing. Both treatment modalities are most commonly used as adjuvant therapies with chemotherapeutic agents or small molecule inhibitors, where they can contribute to direct and immunemediated cancer cell death. By operating through distinct and complementary mechanisms, immune checkpoint blockade combined with metabolic disruptors has the potential to impair cancer cell metabolism and increase tumour-specific immunity, skewing the balance in favour of tumour clearance. Indeed, pre-clinical research has demonstrated the benefit of using metformin to counteract hypoxia in the tumour microenvironment, resulting in potentiation of PD-1 blockade. 96 Also, in a retrospective analysis of users of chronic medications while receiving Ipilimumab, those on metformin or proton pump inhibitors were more likely to respond to Ipilimumab treatment, providing support for intentionally combining these therapies. 97 Importantly, the combination of these chronic medications with immune checkpoint inhibitors does not appear to increase the risk of immune-related adverse reactions. 97 Future therapeutic regimens could combine these agents to attack cancers by multiple mechanisms. However, to reiterate, great caution must be practiced when testing metabolic inhibitors to ensure that deleterious effects are focused on cancer cells, not T lymphocytes. A particularly promising alternative to metabolic inhibitors is respiratory hyperoxia, a strategy in which supraphysiological oxygen levels in the blood reduce hypoxia-driven extracellular accumulation of highly immunosuppressive adenosine in tumours. 98 Excitingly, this modulates the immunological milieu of the tumour microenvironment in a way that potentiates the recruitment and function of T and natural killer cells. Supplemental oxygen represents a safe, simple and non-invasive strategy that could interface well with a variety of immunotherapies, especially cancer vaccines and adoptive T-cell therapy. 99 
Conclusions
There is compelling evidence for a link between metabolism and T-cell functions. Indeed, expression profiling identified 55 immunometabolic genes that are essential mediators of metabolic pathways that contribute to lymphocyte functions. 53 Testing of metabolic inhibitors should emphasize the use of immunocompetent animal models, with a focus on comprehensively assessing impacts on tumours and the immune system. Immunocompromised hosts facilitate testing drugs on patientderived tumour xenografts. However, exclusive use of these models to study metabolic disruptors should be avoided. Ideal animal modelling may be facilitated by humanized mice in which tumours from patients could be tested in the context of matched immune systems. Mice that encode multiple human cytokines and growth factors enable engraftment of innate components of the human immune system along with matched tumour grafts. 100 Although major components of the adaptive immune system can develop in these mice, there is room for improvement. Including agents that optimize immunometabolism in cancer treatments has the potential to prevent or reverse immunosuppression in patients, reduce doses of cytotoxic drugs, and promote long-term anti-cancer responses that persist after drug withdrawal.
